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The notion of fuzzy soft sets is a hybrid soft computing model that integrates both gradualness and parameterization methods
in harmony to deal with uncertainty. The decomposition of fuzzy soft sets is of great importance in both theory and practical
applications with regard to decision making under uncertainty. This study aims to explore decomposition of fuzzy soft sets with
finite value spaces. Scalar uni-product and int-product operations of fuzzy soft sets are introduced and some related properties are
investigated. Using t-level soft sets, we define level equivalent relations and show that the quotient structure of the unit interval
induced by level equivalent relations is isomorphic to the lattice consisting of all ¢-level soft sets of a given fuzzy soft set. We also
introduce the concepts of crucial threshold values and complete threshold sets. Finally, some decomposition theorems for fuzzy
soft sets with finite value spaces are established, illustrated by an example concerning the classification and rating of multimedia
cell phones. The obtained results extend some classical decomposition theorems of fuzzy sets, since every fuzzy set can be viewed

as a fuzzy soft set with a single parameter.

1. Introduction

With the development of modern science and technology,
modelling various uncertainties has become an important
task for a wide range of applications including data mining,
pattern recognition, decision analysis, machine learning,
and intelligent systems. The concept of uncertainty is too
complicated to be captured within a single mathematical
framework. In response to this situation, a number of
approaches including probability theory, fuzzy sets [1], and
rough sets [2] have been developed. Generally speaking,
these theories deal with uncertainty from distinct angle of
views, namely, randomness, gradualness, and granulation,
respectively. Molodtsov’s soft set theory [3] is a relatively
new mathematical model for coping with uncertainty from
a parametrization point of view. Zhu and Wen [4] redefined
and improved some set-theoretic operations of soft sets that
inherit all basic properties of operations on classical sets.
Maji et al. [5] initiated the notion of fuzzy soft sets, which
is a hybrid soft computing model in which the viewpoints of

gradualness and parametrization for dealing with uncertainty
are combined effectively. Majumdar and Samanta [6] further
considered generalized fuzzy soft sets and applied them to
decision making and medical diagnosis problems. Yang et
al. [7] generalized fuzzy soft sets to interval-valued fuzzy
soft sets. Up to now, fuzzy soft sets have proven to be
useful in various fields such as flood alarm prediction [8],
medical diagnosis [9], combined forecasting [10], supply
chains risk management [11], topology [12], decision making
under uncertainty [13-15], and algebraic structures [16-24].
The notion of level soft sets plays a crucial role in solving
uncertain decision-making problems based on fuzzy soft sets
[13]. In particular, it is important to figure out how many
different ¢-level soft sets could be obtained from a given fuzzy
soft set by choosing distinct threshold values t € [0,1]. On
the other hand, it is well known that decomposition theorems
are of great theoretical importance in exploring various types
of fuzzy structures. Thus decomposition of fuzzy soft sets
is a topic of both theoretical and practical value. Motivated
by this consideration, Feng et al. investigated some basic



properties of level soft sets based on variable thresholds
and obtained some decomposition theorems of fuzzy soft
sets by considering variable thresholds [25]. Moreover, Feng
and Pedrycz [26] carried out a detailed research on scalar
products and decomposition of fuzzy soft sets. Particularly,
They have shown that scalar product operations can be
regarded as semimodule actions and algebraic structures
like ordered idempotent semimodules of fuzzy soft sets over
ordered semirings can be constructed [26]. In most real
applications, especially those involving the use of computers
and programs, we only need to consider a finite universe
of discourse associated with finite number of parameters.
Consequently, in this study, we shall follow the research line
above and concentrate on decomposition of fuzzy soft sets
with finite value spaces.

The remainder of this paper is organized as follows.
Section 2 first recalls some basic notions concerning fuzzy
sets, soft sets, and fuzzy soft sets. Section 3 mainly introduces
t-level soft sets and scalar uniproduct operations of fuzzy
soft sets. Then we explore some lattice structures associated
with level soft sets in detail. In Section 5, we consider the
decomposition of fuzzy soft sets with finite value spaces and
establish some useful decomposition theorems, supported by
illustrative examples. Finally, the last section summarizes the
study and suggests possible directions for future work.

2. Preliminaries

In this section, we brieﬂy review some basic concepts con-
cerning fuzzy sets, soft sets, and fuzzy soft sets, respectively.

2.1. Fuzzy Sets. The theory of fuzzy sets [1] provides an appro-
priate framework for representing and processing vague
concepts by admitting a notion of a partial membership.
Recall that a fuzzy set p in a universe U is defined by (and
usually identified with) its membership function y : U —
[0,1]. For x € U, the membership value y(x) essentially
specifies the degree to which x € U belongs to the fuzzy set
p. By p € v, we mean that p(x) < v(x) for all x € U. Clearly
p=vifu € vandv C p. Thatis, u(x) = v(x) forall x € U.
Let  denote the fuzzy set in U with a constant membership
value t € [0,1]; that is, f(x) = ¢ for all x € U. In what follows,
we denote by #(U) the set of all fuzzy sets in U.

Lett € [0,1] and y € F(U). Recall that the scalar product
of t and p is a fuzzy set tu € F(U) defined by tu(x) = t A
p(x) for all x € U. There are different definitions for fuzzy
set operations. With the min-max system proposed by Zadeh,
fuzzy set intersection, union, and complement are defined as
follows:

(@) (N »)(x) = min{u(x), v(x)},
(ii) (1 U »)(x) = max{u(x), v(x)},
(iii) p°(x) = 1 - p(x),
where p,v € F(U) and x € U.

2.2. Soft Sets. Soft set theory was proposed by Molodtsov [3]
in 1999, which provides a general mechanism for uncertainty
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modelling in a wide variety of applications. Let U be the
universe of discourse and let E be the universe of all
possible parameters related to the objects in U. In most cases,
parameters are considered to be attributes, characteristics, or
properties of objects in U. The pair (U, E) is also known as a
soft universe. The power set of U is denoted by S (U).

Definition I (see [3]). A pair @ = (F, A) is called a soft set over
U,where AC EandF: A — 9(U) is a set-valued mapping,
called the approximate function of the soft set ©.

By means of parametrization, a soft set gives a series
of approximate descriptions of a complicated object being
perceived from distinct aspects. For each parameter € € A,
the subset F(¢) € U is known as the set of e-approximate
elements [3]. It is worth noting that F(e) may be arbitrary:
some of them may be empty, and some may have nonempty
intersections. In what follows, the collection of all soft sets
over U with parameter sets contained in E is denoted by
SE(U). Moreover, we denote by & 4(U) the collection of all
soft sets over U with a fixed parameter set A € E.

Maji et al. [27] introduced the concept of soft M-subsets
and soft M-equal relations in the following manner.

Definition 2 (see [27]). Let (F, A) and (G, B) be two soft
sets over U. Then (F, A) is called a soft M-subset of (G, B),
denoted by (F, A)S (G, B), if A € B and F(a) = G(a) (i.e.
F(a) and G(a) are identical approximations) for all a € A.
Two soft sets (F, A) and (G, B) are said to be soft M-equal,
denoted by (F, A) =,,(G, B), if (F, A)S,,(G, B) and (G, B),,
(F, A).

Another different type of soft subsets and soft equal
relations can be defined as follows.

Definition 3 (see [28]). Let (F, A) and (G, B) be two soft sets
over U. Then (F, A) is called a soft F-subset of (G, B), denoted
by(F, A)Sr(G, B), if A € Band F(a) € G(a) for alla € A.
Two soft sets (F, A) and (G, B) are said to be soft F-equal,
denoted by (F, A) =x(G, B), if (F, A)Sp(G, B) and (G, B)Sg
(F, A).

It is easy to see that, for two soft sets & = (F, A) and
T = (G,B), if @ is a soft M-subset of €, then & is also a
soft F-subset of T. However, the converse may not be true
(see Example 2.6 in [29]). As shown in [29], the soft equal
relations =, and = coincide with each other. Hence in what
follows, we just call them soft equal relations and simply write
= instead of =), or = unless stated otherwise.

Definition 4 (see [30]). Let ©@ = (F, A) be a soft set over U.
Then

(a) © is called a relative null soft set (with respect to the
parameter set A), denoted by @, if F(a) = 0 for all
ac€A;

(b) © is called a relative whole soft set (with respect to the
parameter set A), denoted by U ,, if F(a) = U for all
ac A
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2.3. Fuzzy Soft Sets. By combining fuzzy sets with soft sets,
Maji et al. [5] initiated a hybrid soft computing model called
fuzzy soft sets as follows.

Definition 5 (see [5]). A pair & = (F, A) is called a fuzzy soft
set over U, where A € E and F is a mapping givenby F : A —
F(U).

Conventionally, the mapping F : A — F(U) is referred
to as the approximate function of the fuzzy soft set (F, A). It is
easy to see that fuzzy soft sets extend Molodtsov’s soft sets by
substituting fuzzy subsets for crisp subsets. Note also that a
fuzzy set could be viewed as a fuzzy soft set whose parameter
set reduces to a singleton. This means that fuzzy soft sets
can be seen as a parameterized extension of fuzzy sets and it
can be used to model those complicate fuzzy concepts which
cannot be described using a single fuzzy set or simply by the
intersection of some fuzzy sets.

As in the case of soft sets, different types of fuzzy soft
subsets can be introduced. Given two fuzzy soft sets (F, A)
and (G, B) over U, we say that (F, A) is a fuzzy soft F-subset
of (G, B), denoted by (F, A) < (G,B), if A ¢ B and F(a)
is a fuzzy subset of G(a) for all a € A. On the other hand,
(F, A) is called a fuzzy soft M-subset of (G, B), denoted by
(F, A) Su (G,B),if A ¢ Band F(a) = G(a) foralla € A. Two
fuzzy soft sets (F, A) and (G, B) over U are said to be fuzzy soft
equal if they are identical; that is, A = B and F(a) = G(a) for
all a € A. This is denoted by (F, A) = (G, B).

Definition 6. Let © = (F, A) be a fuzzy soft set over U and
t € [0,1]. Then & is called a t-constant fuzzy soft set, denoted

by €', if F(a) = foralla € A.

In particular, €, and €', are called the relative null fuzzy
soft set and relative whole fuzzy soft setry 23
(with respect to the parameter set A), respectively.

Definition 7 (see [25]). Let (F, A) and (G, B) be two tuzzy soft
sets over U.

(1) The extended union of (F, A) and (GLB) is defined as
the fuzzy soft set (H, C) = (F, A)Ug(G, B), where C =
AUBandforallc € C,

F(c), ifce A\ B,
H)=1G(o), if ce B\ A, 1)
F()uG(c), ifce AnB.

(2) The extended intersection of~ (F, A) and (G, B) is
defined as the fuzzy soft set (H,C) = (F, A)Ng(G, B),
where C = AU Band forallc € C,

F(c), ifce A\ B,
H(c)=1G(o), ifce B\ A, ()
F(e)nG(c), ifce AnB.

(3) The restricted intersection of (F,A) and G, B) is
defined as the fuzzy soft set (H, C) = (F, A)Ng4(G, B),

where C = AN B+6 and H(c) = F(c) n G(c) for all
ceC.

(4) The restricted union of (F, A) and (GLB) is defined as
the fuzzy soft set (H, C) = (F, A)U4(G, B), where C =
ANnB#0and H(c) = F(c) uG(c) forall c € C.

In what follows, the collection of all fuzzy soft sets over U
with parameter sets contained in E is denoted by & Ew).
Taking any parameter set A < E, one can consider the
collection consisting of all fuzzy soft sets over U with the fixed
parameter set A, which is denoted by #& ,(U). The following
result can easily be obtained using the above definitions.

Proposition 8. Let (F, A) and (G, A) be two fuzzy soft sets over
U. Then

(1) (F, A)Ug(G, A) = (F, A)Ugk (G, A);

The first part of the above assertion states that, for fuzzy
soft sets in F & 4 (U), the extended union Uy coincides with
the restricted union Ug,. That is, the two soft union operations
Ug and Uy will always lead to the same results when consid-
ering fuzzy soft sets with the same set of parameters. Thus in
this case, we shall use a uniform notation U representing both
Ug and Ug. Analogously Ng and Ny will be simply denoted
by N if the two operations coincide with each other.

Now we illustrate the notion of fuzzy soft sets by an
example as follows.

Example 9. Suppose that there are six cell phones under
consideration

U = {p1, P2 P3> Pa> Ps> Ps} - 3)

The set of parameters is given by E = {e;, e, €5,
ey, €5, €6, €7, €g}, where e;, respectively, stand for “high quality
of voice call,” “stylish design,” “friendly user interface,” “won-
derful MP3/MP4 playback,” “low price;” “high resolution
camera,” “popular brand” and “large screen”

Now, let A = {e,, e, €5, €4, €5} € E consist of some crucial
features for describing “attractive multimedia cell phones”
We can arrange an expert group to evaluate these cell phones
and the available information on these mobile phones can
be formulated as a fuzzy soft set ©@ = (F, A). It provides a
mathematical representation of the complicate fuzzy concept,
called “attractive multimedia cell phones” in daily languages.
Table 1 gives the tabular representation of the fuzzy soft set
& =(FA).

Using this illustrative example, we can observe that some
fuzzy concepts in the real world are so complicated that
they can hardly be described using a single fuzzy set or
simply the intersection of some fuzzy sets. Alternatively, these
complicate fuzzy concepts can jointly be represented as a
family of fuzzy sets organized by some useful parameters like
those we list above for describing “attractive multimedia cell
phones” Based on the viewpoint of parametrization, each
fuzzy set in a fuzzy soft set only produces an approximate (or
partial) description of a complicated fuzzy concept, while the
fuzzy soft set as a whole gives a complete representation.



TaBLE 1: Tabular representation of the fuzzy soft set & = (F, A).

U e, e, es e g
P 0.2 0.9 0.6 0.2 0.2
P, 0.6 0.6 0.2 0.2 0.9
Ps 0.9 0.7 0.9 0.9 0.7
Ds 0.6 0.2 0.2 0.7 0.6
Ds 0.2 0.6 0.2 0.7 0.2
Ds 0.9 0.2 0.7 0.6 0.9

3. Level Soft Sets and Scalar Uni-Products

To solve decision-making problems based on fuzzy soft sets,
Feng et al. [13] introduced the following notion called ¢-level
soft sets of fuzzy soft sets.

Definition 10 (see [13]). Lett € [0,1] and & = (F,A) be a
fuzzy soft set over U. The t-level soft set of the fuzzy soft set &
is a crisp soft set L(&; t) = (F,, A) over U, where

Fi(a)={xeU:F(a)(x) 2t}, (4)
foralla € A.

In the above definition, t € [0,1] serves as a fixed
threshold value on membership grades. In practical applica-
tions, these thresholds might be chosen by decision makers
and represent the strength of their general requirements
[13]. Some basic properties of t-level soft sets have been
investigated by Feng and Pedrycz [26]. Below, we list two
results, which show that the structure of ¢-level soft sets is
compatible with some basic algebraic operations of fuzzy soft
sets.

Proposition 11 (see [26]). Let @ = (F, A) and R = (G, B) be
two fuzzy soft sets in FSEW). Then, forallt € [0, 1], one has

(a) L(8UxR;t) = L(S; 1)U L(R; 1);

(b) L(&NeR;t) = L(S; 1)Nx L(R; 1).
Proposition 12 (see [26]). Let @ = (F, A) and R = (G, B)
be two fuzzy soft sets in FSE(U) with A N B+ 0. Then for all
t € [0, 1], one has

() L(SU4xR;t) = LS5 1)Uy, L(R; t);

(b) L(&NgkR;t) = L(S; )N, L(R; ).

We also have considered the following scalar product of a
scalar value t and a fuzzy soft set in [26].

Definition 13. Lett € [0,1] and S = (F, A) € FSEU). Then
the scalar product of t and § is defined to be a fuzzy soft set
toS = (G, A) over U, such that

G (@) (x) = (tF (a)) (x) =t AF () (x), ()

wherea € A, x € U.
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By replacing a single value ¢ with a set /| < [0,1] of
thresholds, we immediately obtain an extension of the above
concept.

Definition 14. Let J € [0,1] and S = (F, A) € FSE(U). Then
the scalar uniproduct of ] and S is defined as

Jous=|Jtos. 6)
te]
Clearly, if ] = {t} is a singleton, then Jo,S =t ©® S.Ina
dual way, we can also define the following operation.

Definition 15. Let ] € [0,1] and S = (F, A) € FSE(U). Then
the scalar int-product of ] and S is defined as

JonS=[tos. )

te]
For J = 0, we define Jo S = Jo,S = @?4. The following
results give some basic properties of scalar uniproduct oper-

ations. Dually, we can also investigate related properties of
scalar int-product operations.

Proposition 16. Let J;,J, € [0,1] and S € FSEU). If ], ¢
J,, then one has J,0,SC;],0,S.

Proof. The proof is straightforward and thus omitted. O

Proposition 17. Let ] < [0,1] and S;,S, € FSEW). If
S,S5S,, then one has J©,S,S]0,S,.

Proof. The proof is straightforward and thus omitted. O

Proposition 18. Let ] < [0,1] and S,,S, € FSEU). If
S1E1S,, then one has Jo_S,S,,]0,S,.

Proof. The proof is straightforward and thus omitted. O

4. Lattice Structures Associated with
t-Level Soft Sets

In this section, we begin with some basic notions in lattice
theory and then concentrate on exploring some lattice struc-
tures associated with t-level soft sets of a given fuzzy soft
set. From an algebraic point of view, a lattice (L,V,A) is a
nonempty set with two binary operations V and A such that

(1) (L, V) and (L, A) are commutative semigroups;
2)an(avb)=aandaV (anb)=aforalla,b e L.

Let (L, V, A) be a lattice. For every a € L, it is easy to see
that

avVa=aV(aNA(aVa))=a. (8)

Similarly, we can deduceana = an(aV (aAa)) = a. Thus in
a lattice L, two operations V and A are both idempotent. That
is, (L, V) and (L, A) are two semilattices.

If a lattice L has identity elements with respect to both Vv
and A, then L is said to be bounded. Usually identity element
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of L with respect to operation V is denoted by L, whereas the
identity with respect to A is denoted by T. In other words,
(L,V, 1) and (L, A, T) are two monoids if (L,V,A, L, T) is a
bounded lattice.

Definition 19. A lattice (L, V, A) is called a distributive lattice
if
M anbve)=(@Anb)V(anc)
2)av(bAc)=(avb)A(aVc)

foralla,b,c € L.

Example 20. Let us consider the unit interval [0, 1]. For all
a,b € L, we denote max{a, b} and min{a,b} bya v band a A
b, respectively. Then, it is easy to verify that ([0, 1],V,A) is a
distributive lattice. Moreover, ([0, 1], V, A) isa bounded lattice
with L=0and T = 1.

Proposition 21. Let ] € [0,1] andS € FSEU). Then Jo,S =
(v))eS.

Proof. Let S = (F, A) be a fuzzy soft set over U. Note first that
t* = V] indeed exists since ([0, 1], V, A) is a complete lattice.
Foranyt € J,we writet© S = (@,A). Letae Aand x € U.
By Definition 13, we have

G (@) (x) =t AF(a)(x). )

If we write Jo_,S = (H, A), then by the complete distributive
laws in the complete lattice ([0, 1], V, A), we have

H(a)(x) = \/G, (@) (x) = \/ (t AF (a) (x))

teJ te]
(10)
= <\/t> AF(a)(x)=t*"AF(a)(x).
te]
This implies that Jo,S=t" oS = (V]) 0 S. O

Now, we consider the collection of all fuzzy soft sets
over U with a fixed parameter set A. This collection forms
a lattice structure with respect to soft union and intersection
operations as shown in [26].

Theorem 22. (F§ ,(U),U, N, @%, @L) is a bounded distribu-
tive lattice.

Proof. Let S;, = (F,A) € FS,4U) (k = 1,2,3). Write
S,US, = (H, A) and S,0S; = (R, A). Then for all t € A, we
have

Ht)=FOUFE@®=F®UF @®=R@®. Q)

This shows that the soft union operation of fuzzy soft
sets is commutative. Moreover, we can prove that this
operation is associative. By definition of the relative null

fuzzy soft set G9, it is easy to see that S,06% = .
Hence (& ,(U), 0, @?q) is a commutative monoid. Dually,

we deduce that (& ,4(U), N, @}4) is a commutative monoid.
Next, let S,A(H, A) = (K, A). Then for all t € A, we have

Rey=F®nH®O=F®n(FOUEW®)=F®,
(12)

and so $;N(S;US,) = S;. In a similar fashion, we can deduce
S,0(S,S,) = S,. Thus (FS 4(U), T, A, €%, €) is a bounded
lattice. In addition, we write $,0S; = (G, A) and S,AS; =
(T, A). Then we have

Foujo=(F®UuE®)n(FOUF®) 5
=H@®HNG(),

which implies that S,;0(S,NS;) = (S,US,)N(S,US;). Dually,
we have S;N(S,0S;) = (§,0S,)U(S;NS;). Therefore,
(F$,0),0,0, c°, @}4) isa bounded distributive lattice. [

As an immediate consequence of the above theorem, we
get the following result in [31].

Corollary 23. (§,4(U),0,N, @4, U,) is a bounded distribu-
tive lattice.

Let (L, Vv, A) be a lattice. A nonempty set M C L is called
a sublatticeof Lifavb € MandaAb € M foralla,b € M.

Proposition 24. Let © = (F, A) ¢ FSEWU) and s,t € [0,1].
Then

(a) L(®;sVt) = L(S;s)NL(S; t);
(b) L(S;s A t) = L(S;s)UL(S; ¢).

Proof. We only show that (a) is valid and (b) can be proved
in a similar way. Let L(&; s) = (F,, A), L(&;t) = (F,, A), and
L(&;sVt) = (Fy, A). Also, write L(&; s)NL(&; t) = (H, A).
Foralle € Aand u € U, we have

uecH() e uecF (e)NF, () = F(e)(u) 2sVt )
14

= uckF,,e),

and so H(e) = F,,(e) for alle € A. Thus L(&;sV t) =
L(&;s) N L(©;t) as required. O

Let @ = (F, A) be a fuzzy soft set over U. We denote
the collection of all t-level soft sets of the fuzzy soft set ©
by (@) = {L(&;t) : t € [0,1]}. Clearly, L(©) is a
nonempty subset of §'4(U) since U , = L(&; 0). In addition,
by Proposition 24, we can immediately deduce the following
result.

Theorem 25. (@) is a sublattice of the lattice (§ 4,(U), T, N).

Definition 26. Let © € FSEWU) and s,t € [0, 1]. Then s and
t are said to be level equivalent, denoted by s~gt, if L(&;s) =
L(S;1).

Definition 27. Let L, and L, be two lattices. A mapping v :
L, — L, isahomomorphism of lattices if y(a v b) = y(a) v
y(b) and y(aAb) = y(a) Ay(b) foralla,be L,.



A homomorphism ¢ : L, — L, of lattices is called a
monomorphism (resp., epimorphism and isomorphism) if v is
injective (resp., surjective and bijective). If v : L, — L,
is an isomorphism of lattices, then L, and L, are said to be
isomorphic, writtenas L, = L,.

Definition 28. Lety : Ly — L, be a homomorphism of
lattices. Then the kernel of y is a binary relation on L, defined

by

ker (v) ={(a,b) e Lyx Ly :w(a) =y (b)}. (15)

It is easy to check that ker(y) is an equivalence relation
on L,. As a direct consequence, we deduce that the level
equivalent relation ~g defined above is an equivalence

relation on the unit interval [0, 1].

Proposition 29. Let @ be a fuzzy soft set over U and [0,1]" =
([0, 1], A, V). Then the mapping yg : [0,1] — ZL(©) given by
Ve (t) = L(&;t) is an epimorphism of lattices with ker(yg) =

~e-

Proof. Note first that from Example 20, ([0, 1],V, A) is a dis-
tributive lattice. Dually, we deduce that [0, 117 = ([0, 1], A, V)
is also a distributive lattice. Using the notations given above,
Proposition 24 implies yg (sAt) = Yy (s) U yg(t) and yg(sV
t) = Yg(s) N yg(t). Also it is clear that the mapping v :
[0,1] — Z(©) is surjective. Thus it is an epimorphism of
lattices. Moreover, it follows from Definitions 26 and 28 that
ker(yvg) = ~g. O

Now, let us consider the quotient set of the unit interval
[0, 1] with respect to the level equivalent relation ~g. We can
define two operations on the quotient set [0, 1]/~ as follows:

() s, N, = [sAtl,
(i) [s], U e, = [svil._,
where [s] __ denotes the equivalence class of s € [0, 1] under
~e-

It can be shown that [0, l]T/~@ = ([0,1]/~g,M,L1) is a
lattice. In addition, we have the following result.

Theorem 30. Let © be a fuzzy soft set over U and
[0,1]" = ([0, 11, A, V). Then [0,1]"/~¢ = ([0,1]/~¢, ML) =
(Z(©),0,0N).

Proof. Define a mapping ¢ : [0,1]/~g — Z(©) by
o([l,) = ve ® = L(&1). (16)
By Proposition 29, the mapping yg : [0,1] — Z(©) given

by yg(t) = L(S;t) is an epimorphism of lattices. Thus ¢ is
surjective. Also we have

o([s]., nltl,) =¢([sAtl,) =vg (sAD)

9 (s]-.) Be (11]-.)-
(17)

=Yg (5) Uyg (1) =
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Similarly, we can get ¢([s]. e U [t]. ) = (p([s]~@)ﬁ(p([t]~@).
This shows that ¢ : [0,1]/~g — ( ) is an epimorphism
of lattices. Now, assume that ¢([s]._ ) = <p([t]~@). Then we
deduce that
L(©;s) = s) = sl._ )= t].
(&9)=ye () =9 (ls].) = o (l],) )
=yg () = L(&t),

which implies that ¢ is injective. Hence ¢ is an isomorphism
of lattices and so [0, l]T/~@ is isomorphic to (Z(©), U, N).
O

Corollary 31. The lattice [0,1]"/~g = ([0,1]/~g,M,LI) is
a distributive lattice which can be embedded into the lattice
(§4U),T,0N).

Proof. By Corollary 23 (8 4(U), U, N) is a distributive lattice.
Also we know that (&) is a sublattice of the lattice
(§4(U),0,N). Finally, according to Theorem 30, [0, I]T/~@
is isomorphic to the sublattice #(&). Therefore, [0, 117/ ~e
is distributive and can be embedded into the lattice
($4U),T,0N). O

5. Decomposition Theorems of Fuzzy Soft Sets

As mentioned above, the notion of t-level soft sets acts as a
key factor in solving adjustable fuzzy soft decision-making
problems. So it is meaningful to ascertain how many different
t-level soft sets could be derived from a given fuzzy soft set by
choosing distinct threshold value ¢t € [0, 1]. Motivated by this
point, we will explore in this section the problem with regard
to the decomposition of a given fuzzy soft set in terms of its
t-level soft sets.

Definition 32 (see [26]). LetS = (F, A) € FSEU). The value
space of the fuzzy soft set Sisa set V(S) = UaeA{ﬁ(a)(x) 1X €
U}. A scalar t € [0, 1] is called a crucial threshold value of the
fuzzy soft set Sif t € V().

Using the above notions, the authors have established the
following decomposition theorems of fuzzy soft sets in [26].

Theorem 33. Let S € FSE(U). Then one has S = Ote[o,ut o)
L(S; ).

Theorem 34. Let S € FS*(U). Then one has S = Gtev(s)t o
L(S; ).

The second decomposition theorem is especially useful
when the value space of the fuzzy soft set S is finite since in
this case we can obtain a finite decomposition of S. In order to
give a deeper insight into this issue, we propose the following
notions.

Definition 35. Let © ¢ FSEU) and ~g be the level
equivalent relation induced by ©. Then J < [0, 1] is called
a complete threshold set of @ if it consists of precisely one
element from each equivalence class of [0, 1]/~¢.
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Definition 36. Let © ¢ FSEU) and ~g be the level
equivalent relation induced by ©. Then a mapping f :
[0,1]/~¢ — [0,1]is called a threshold choice function of ©
if f ([t]~@) € [t]~@.The image of the threshold choice function
f is denoted by Im( f).

In view of the above definitions, we immediately deduce
that the image of the threshold choice function f is a
complete threshold set. It is also evident that, in general
cases, both the threshold choice function and the complete
threshold set of a given fuzzy soft set © might not be unique.

Proposition 37. Let S be a fuzzy soft set over U with a finite
value space V(S) = {v,,...,v,} such thatv; < v, < - < v,.
One has the following.
M If1 e V(S), then [0,1]/~¢ = {[0,v], (v, v,])5. ..,
(Vn—l’ Vn]}‘
(2) I,f 1 ¢ V(S)) then [0) 1]/~S = {[0) Vl]) (V1> Vz]) ]
(V1> V) (v, 111

Proof. First, we assume that v, < 1. For t € [0, 1], we have
the following cases.
(i) Case 1: L(S;t) = L(S;v;) = U, © t~gv; © t € [0,v].
(ii) Case 2: L(S;t) = L(S;v;) © t~gv; © t € (v, v;], (i =
2,...,1).
(iii) Case 3: L(S;t) = L(S5;1) = @, © t~l & t € (v, 1].
Thus we obtain that

[0,1]
- = {Lov ], (vl s (Ve vl (v 1. (19)
s
Note also that if 1 € V(S), thenv, = 1 and (v,,1] = @
should be removed in the above equality (Case 3 simply does
not arise). Therefore, it follows that

[0,1]

- ={[0,v; ], (vi v ] (Vs v, )} (20)

holds when v,, = 1. This completes the proof. O

Remark 38. The above statement gives an explicit description
of the structure of the lattice [0, I]T/~s = ([0,1]/~g,,L1)
discussed in Theorem 30 and Corollary 31. It says that the
level equivalent relation ~g divides the unit interval [0, 1]
into some subintervals and these subintervals actually form
a distributive lattice under certain operations.

Corollary 39. Let S be a fuzzy soft set over U with a finite value
space V(S). Then V(S) U {1} is a complete threshold set of S.

Proof. LetSbe afuzzy soft set over U with a finite value space
V(S) = {vy,...,v,} such that v; < v, < --- < v,. First, we
assume that v, < 1. By Proposition 37, we have

[0,1]

S ={lon ], (vv]se (vl (e 10 (2D)

Let f: [0,1]/~g — [0, 1] be a mapping given by f([t]_) =
V[t].,. Then f is a threshold choice function of the fuzzy soft

set S, since every subinterval in [0, 1]/~¢ contains its least
upper bound. It follows that Im(f) = V(S) U {1} is a complete
threshold set of S.

On the other hand, if v, = 1 €
Proposition 37, we have

V(S), then by

[0,1]

={ov ], (viovalse s (Ve v} (22)
s

Using similar augments as above, we can show that Im(f) =
V(S) is a complete threshold set of S. But it is clear that
V(S) = V(S)u{l}, since v, = 1. Hence, V(S)U{1} is a complete
threshold set of S. O

The following statement explicitly characterizes the struc-
ture of the lattice Z(S), consisting of all level soft sets of
a fuzzy soft set S. By Theorem 30, the structure of Z(S)
is closely related to that of the lattice ([0, 1]/~g,M,LI) as
described in Proposition 37.

Theorem 40. Let S = (F, A) be a fuzzy soft set over U with a
finite value space V(S) = {v,,...,v,} such that v, <v, <--- <
v,.. One has the following.

(1) If 1 € V(S), then the lattice Z(S) is a finite ascending
chain as follows:

L(S;1)=L(S;v,)Cp---CpL(S;v,) SEL(S;vy) = U, (23)
(2) If 1 ¢ V(S), then the lattice Z(S) is a finite ascending
chain as follows:
O, =L(S1)SpL(S5v,) Spe--CpL(Ssv,) SEL(Ssvy) = Uy,
(24)
Proof. Define a mapping ¢ : [0,1]/~3 — Z(S) by

o ([tl.,) = L(S:VItl.,). (25)

By Theorem 30, the mapping ¢ is an isomorphism of lattices.
Then the above result follows from Proposition 37 and its
proof. O

Theorem 41. Let S = (F, A) be a fuzzy soft set over U with a
finite value space V(S) and let ] < [0, 1] be a finite set. Then
one has

S=Gt@L(S;t)<=}V(S)§]- (26)

te]

Proof. Let Ote]t o L(S;t) = (G, A). First, we assume that
V(S) < J. Then by Theorems 33 and 34, we have

s=|J toL($1% (G A),
teV(S)
(27)

(G A)E |J toLsn=s.

te(0,1]

It follows that § = (G, A) = ,¢;t © L(S; 1).



Conversely, suppose that

(G,A):Ut@L(S;t)z

te]

S= (F, A) . (28)

If V(S) ¢ J, then there exists a crucial threshold value
F(a®)Ww*) = t* € V(S)\ J for some a* € Aand u* € U.
Now, we write the finite set J as a disjoint union; namely,
J=J W], where]  ={re]J:r<t}and] ={r e
J : v > t*}. Using similar techniques and notations as in the
proof of Theorem 34, we deduce

G(a") ()
=\/G: (@ (x) = \/tF, (a) (x)

te] te]
= (\/t/\Ft () (x)> V(\/t/\Ft (a) (x)>
teJ~ teJ*t
= (\/t/\ 1) V<\/t/\0> =\/t<t" =F(a") ().
teJ™ teJ*t te]”
(29)
This contradicts to the hypothesis (G,A) = (F,A). Hence
V(S c]. ]

Remark 42. The above result shows that the value space V(S)
is the least threshold set for decomposing a fuzzy soft set S.
In this case, we can find that V(S) is of crucial importance
since we cannot decompose a fuzzy soft set correctly if any of
its crucial threshold values is missing. This justifies the term
“crucial threshold values” (see Definition 32) for these scalars.

By means of scalar uniproducts proposed in the previous
section, we can further obtain the following decomposition
theorem.

Theorem 43. Let S be a fuzzy soft set over U with a finite value

space V(S) = {vy,...,v,} such that v; < v, < --- < v,. Then
one has

s= U GwvlooLSv) U0 mlooL(Sv). o)

2<i<n

Proof. Using the definition of scalar uniproducts, we have

0], (Sv) = | toL(Sv) =7 0L(Sv).

te[0,v,]
(31)
For 2 < i < n, it can be seen that
(Vi vi] 0y L (S v;)
(32)

toL(S;v;)=v;0L(S;v;).

- U

te(vipvil
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By Theorem 34, we know that S can be decomposed by using
its crucial threshold values. That is, S = |J;;.,,vi © L(S;v)).
Hence, it follows that

U Vi Vi Oy L (S5 V)U [0,]ouL(Sv).  (33)

25isn
This completes the proof. O

Corollary 44. Let S be a fuzzy soft set over U with a finite
value space V(S) = {v,,...,v,} such that v, < v, <.+ < v,
Then one has

S= U(vi,l,v,-]@UL(S;v U [0,v;]©,L(S;vy)
2<i<n (34)

X U( 1]oyL(S;1)
Proof. If 1 € V(S), then v, = 1 and (v, 1] = 0. Thus
(v 1] 0y L (S;1) = B0, L (S;1) = €Y. (35)

Otherwise, v,, < 1 and so we have

U 1le,L$1) = (v,1] 0@, = 6. (36)

Also it is clear that S =S U @2\. Therefore, we deduce that

S= U (Vi vil @y

LJOV1 o,L(S;v))

2<i<n (37)
X G (v 1] L(S;1).
This completes the proof. O

The above results reveal that a given fuzzy soft set with a
finite value space could be linked to finite number of all its
different ¢-level soft sets, which are derived from a partition
of the unit interval [0, 1] determined by all crucial threshold
values of the given fuzzy soft set.

Example 45. Let us reconsider the fuzzy soft set © = (F, A)
describing “attractive multimedia cell phones” in Example 9.
We hope to give a proper classification and rating of these
multimedia cell phones. Clearly, the value space of © is a
finite set

V(®) = {0.2,0.6,0.7,0.9} . (38)

By Proposition 37, the level equivalent relation ~g divides
the unit interval [0,1] into some subintervals and these
subintervals actually form a distributive lattice. Specifically,
we have

[(1’—1] ={[0,0.2],(0.2,0.6], (0.6,0.7] , (0.7,0.9] , (0.9, 1]} .

(39)

With regard to the ¢-level soft sets of the fuzzy soft set &, we
have the following.
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TABLE 2: Tabular representation of the soft set T, = L(&;0.6).

U e, e, es e eg
P 0 1 1 0 0
P, 1 1 0 0 1
Ps 1 1 1 1 1
A 1 0 0 1 1
Ds 0 1 0 1 0
Ps 1 0 1 1 1

TABLE 3: Tabular representation of the soft set £, = L(&;0.7).

U e, e, e € ey

P
23
b3
Pa
ps
Ps

_ o O = O O
S O O = O
_ o O = O O
O = == O O

TABLE 4: Tabular representation of the soft set ¥, = L(&;0.9).

U e, e, e e eg
b
)2
ps
P4
Ps
Ps

_ o O = O O
S O O O o =
S O O = O O
S O O = O O
_ o O O = O

(i) For v; = 0.2, L(&;v,) = U, is the relative whole soft
set with respect to the parameter set A.

(ii) For v, = 0.6, L(&;v,) = <, is a soft set with its
tabular representation given by Table 2.

(iii) For v; = 0.7, L(&;v;) = T, is a soft set with its
tabular representation given by Table 3.

(iv) For v, = 0.9, L(&;v,) = T, is a soft set with its
tabular representation given by Table 4.

(v) Fort € (0.9,1], L(&;t) = @, is the relative null soft
set with respect to the parameter set A.

In addition, by Theorem 40, we also know that the lattice
Z(©), consisting of all level soft sets of a fuzzy soft set &, is
a finite ascending chain as follows:

D, =L(S;1)CxL(S;0.9) CpL(S;0.7)
(40)
CrL(©;0.6) SEL(S;0.2) = U,

Finally, by Corollary 44, we can obtain the following decom-
position:

S = [0,0.2] 0,1 ,T(0.2,0.6] ©,%,0(0.6,0.7] @,
(41)
x ,0(0.7,0.9]©,%,0 (0.9, 1] 0,® 4.

It reveals that in total there are five distinct level soft sets
which are corresponding to the given fuzzy soft set © on

different segmentations of the unit interval [0, 1] determined
by all crucial threshold values. For instance, ¥, is the level soft
set corresponding to © on the subinterval (0.2, 0.6]. Using
this level soft set, we can get the following classification and
rating of all the cell phones under our consideration:

{ps} > {ps} > {2 pu} > {P1> s} (42)

This means that if we choose any threshold value 0.2 < t <
0.6, then all the cell phones can be graded into four classes.
Moreover, p; turns out to be the most attractive multimedia
cell phones, while p; and ps form the class of least attractive
multimedia cell phones.

6. Conclusions

We have investigated the decomposition of fuzzy soft sets
with finite value spaces. We proposed scalar uniproduct and
int-product operations of fuzzy soft sets. We also defined level
equivalent relations and investigated some lattice structures
associated with level soft sets. It has been shown that the
collection £ (@) of all t-level soft sets of a given fuzzy
soft set © forms a sublattice of the lattice (8 ,(U),U,N). In
addition, we proved that the quotient structure [0, 117/ ~g =
([0,1]/~g,M,U) of the unit interval [0, 1] induced by level
equivalent relations is isomorphic to the lattice Z(&) of
t-level soft sets and thus could be embedded into the
lattice (§4(U),U,N). We also introduced crucial threshold
values and complete threshold sets. Moreover, we established
some decomposition theorems for fuzzy soft sets with finite
value spaces and illustrated its possible practical applications
with an example concerning the classification and rating of
multimedia cell phones. Note also that our results generalize
those classical decomposition theorems of fuzzy sets since
every fuzzy set can simply be viewed as a fuzzy soft set with
only one parameter. To extend this work, one might consider
decomposition of fuzzy soft sets based on variable thresholds
or other related applications of decomposition theorems of
fuzzy soft sets.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

The authors are highly grateful to the academic editors for
their insightful comments and valuable suggestions which
greatly improve the quality of this paper. This work was par-
tially supported by the National Natural Science Foundation
of China (Program no. 11301415), the Natural Science Basic
Research Plan in Shaanxi Province of China (Program nos.
2013JQ1020 and 2012JM8022), and the Scientific Research
Program Funded by Shaanxi Provincial Education Depart-
ment of China (Program nos. 2013JK1098 and 2013JK1182,
2013JK1130).



10

References

[1] L. A. Zadeh, “Fuzzy sets,” Information and Control, vol. 8, no. 3,
pp. 338-353, 1965.

[2] Z. Pawlak, “Rough sets,” International Journal of Computer &
Information Sciences, vol. 11, no. 5, pp. 341-356, 1982.

[3] D. Molodtsov, “Soft set theory—first results,” Computers ¢
Mathematics with Applications, vol. 37, no. 4-5, pp. 19-31, 1999.

[4] P.Zhuand Q. Wen, “Operations on soft sets revisited,” Journal of
Applied Mathematics, vol. 2013, Article ID 105752, 7 pages, 2013.

[5] P.K.Maji, R. Biswas, and A. R. Roy, “Fuzzy soft sets,” The Journal
of Fuzzy Mathematics, vol. 9, no. 3, pp. 589-602, 2001.

[6] P. Majumdar and S. K. Samanta, “Generalised fuzzy soft sets,”
Computers & Mathematics with Applications, vol. 59, no. 4, pp.
1425-1432, 2010.

[7] X. Yang, T. Y. Lin, J. Yang, Y. Li, and D. Yu, “Combination of
interval-valued fuzzy set and soft set,” Computers & Mathemat-
ics with Applications, vol. 58, no. 3, pp. 521-527, 2009.

[8] S.J. Kalayathankal and G. S. Singh, “A fuzzy soft flood alarm
model,” Mathematics and Computers in Simulation, vol. 80, no.
5, pp. 887-893, 2010.

[9] T. M. Basu, N. K. Mahapatra, and S. K. Mondal, “A balanced
solution of a fuzzy soft set based decision making problem in
medical science;,” Applied Soft Computing, vol. 12, no. 10, pp.
3260-3275, 2012.

[10] Z.Xiao, K. Gong,and Y. Zou, “A combined forecasting approach

based on fuzzy soft sets,” Journal of Computational and Applied
Mathematics, vol. 228, no. 1, pp. 326-333, 2009.

[11] Z. Xiao, W. Chen, and L. Li, “An integrated FCM and fuzzy
soft set for supplier selection problem based on risk evaluation,”
Applied Mathematical Modelling, vol. 36, no. 4, pp. 1444-1454,
2012.

[12] B. Tanay and M. B. Kandemir, “Topological structure of fuzzy
soft sets;” Computers & Mathematics with Applications, vol. 61,
no. 10, pp. 2952-2957, 2011.

[13] E Feng, Y. B. Jun, X. Liu, and L. Li, “An adjustable approach to
fuzzy soft set based decision making;” Journal of Computational
and Applied Mathematics, vol. 234, no. 1, pp. 10-20, 2010.

[14] A. R. Roy and P. K. Maji, “A fuzzy soft set theoretic approach
to decision making problems,” Journal of Computational and
Applied Mathematics, vol. 203, no. 2, pp. 412-418, 2007.

[15] Z. Xiao, S. Xia, K. Gong, and D. Li, “The trapezoidal fuzzy
soft set and its application in MCDM,” Applied Mathematical
Modelling, vol. 36, no. 12, pp. 5844-5855, 2012.

[16] M. Akram, N. O. Alshehri, and R. S. Alghamdi, “Fuzzy soft K-
algebras,” Utilitas Mathematica, vol. 90, pp. 307-325, 2013.

>

[17] M. Akram, “Bipolar fuzzy soft Lie algebras,” Quasigroups and
Related Systems, vol. 21, pp. 1-10, 2013.

[18] A. Ayginoglu and H. Aygiin, “Introduction to fuzzy soft
ygunog Y8 Y
groups,” Computer and Mathematics with Applications, vol. 58,
no. 6, pp. 1279-1286, 2009.

[19] Y. B. Jun, K. J. Lee, and C. H. Park, “Fuzzy soft set theory
applied to BCK/BCl-algebras,” Computers & Mathematics with
Applications, vol. 59, no. 9, pp. 3180-3192, 2010.

[20] C.-E. Yang, “Fuzzy soft semigroups and fuzzy soft ideals,
Computers & Mathematics with Applications, vol. 61, no. 2, pp.
255-261, 2011.

[21] N. Yaqoob, M. Akram, and M. Aslam, “Intuitionistic fuzzy soft
groups induced by (t, s)-norm,” Indian Journal of Science and
Technology, vol. 6, no. 4, pp. 4282-4289, 2013.

The Scientific World Journal

[22] Y. Yin, H. Li, and Y. B. Jun, “On algebraic structure of
intuitionistic fuzzy soft sets,” Computer & Mathematics with
Applications, vol. 64, no. 9, pp. 2896-2911, 2012.

[23] J. Zhan and Y. B. Jun, “Soft BL-algebras based on fuzzy sets,”
Computers & Mathematics with Applications, vol. 59, no. 6, pp.
2037-2046, 2010.

[24] J. Zhan and Y. Xu, “Soft lattice implication algebras based on
fuzzy sets,” Hacettepe Journal of Mathematics and Statistics, vol.
40, no. 4, pp. 483-492, 2011.

[25] F Feng, Y. M. Li, and H. X. Lei, “Level soft sets based on fuzzy
sets,” in Quantitative Logic and Soft Computing, G. ]. Wang, B.
Zhao, and Y. Li, Eds., vol. 5 of World Scientific Proceedings Series
on Computer Engineering and Information Science, pp. 480-487,
World Scientific Publishing, 2012.

[26] E Fengand W. Pedrycz, “On scalar products anddecomposition
theorems of fuzzy soft sets,” Journal of Multiple-Valued Logic and
Soft Computing. In press.

[27] P. K. Maji, R. Biswas, and A. R. Roy, “Soft set theory,” Computers
& Mathematics with Applications, vol. 45, no. 4-5, pp. 555-562,
2003.

[28] E Feng, C.Li, B. Davvaz, and M. I. Ali, “Soft sets combined with
fuzzy sets and rough sets: a tentative approach,” Soft Computing,
vol. 14, no. 9, pp. 899-911, 2010.

[29] X. Liu, E Feng, and Y. B. Jun, “A note on generalized soft equal
relations,” Computers & Mathematics with Applications, vol. 64,
no. 4, pp. 572-578, 2012.

[30] M. I Alj, E Feng, X. Liu, W. K. Min, and M. Shabir, “On some
new operations in soft set theory,” Computers ¢ Mathematics
with Applications, vol. 57, no. 9, pp. 1547-1553, 2009.

[31] M. I. Ali, M. Shabir, and M. Naz, “Algebraic structures of soft
sets associated with new operations,” Computers & Mathematics
with Applications, vol. 61, no. 9, pp. 2647-2654, 2011.



Advances in Advances in Journal of Journal of
Operations Research lied Mathematics ability and Statistics

il
PR
S Rt
£ 2 §

\ ‘

The Scientific
\{\(orld Journal

International Journal of
Differential Equations

Hindawi

Submit your manuscripts at
http://www.hindawi.com

International Journal of

Combinatorics

Advances in

Mathematical Physics

%

Journal of : Mathematical Problems Abstract and Discrete Dynamics in
Mathematics in Engineering Applied Analysis Nature and Society

Journal of

Complex Analysis

International
Journal of
Mathematics and
Mathematical
Sciences

Journal of
'

al of Journal of

Function Spaces Stochastic Analysis Optimization

Journal of International Jo




